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Abstract
By using a new Compton camera consisting of a silicon double-sided strip detector (Si-DSD) and a CdTe double-
sided strip detector (CdTe-DSD), originally developed for the ASTRO-H satellite mission, an experiment involving
imaging radioisotopes was conducted to study their feasibility for hotspot monitoring. In addition to the hotspot
imaging already provided by commercial imaging systems, identiﬁcation of various radioisotopes is possible thanks
to the good energy resolution obtained by the semiconductor detectors. Three radioisotopes of 133Ba (356 keV), 22Na
(511 keV) and 137Cs (662 keV) were individually imaged by applying event selection in the energy window and the
gamma-ray images were correctly overlapped by an optical picture. Detection eﬃciency of 1.68 ×10−4 (eﬀective
area : 1.7 ×10−3 cm2) and angular resolution of 3.8 degrees were obtained by stacking ﬁve detector modules for
a 662 keV gamma ray. The higher detection eﬃciency required in speciﬁc use can be achieved by stacking more
detector modules.
c© 2011 Elsevier BV. Selection and/or peer-review under responsibility of the organizing committee for TIPP 2011.
Keywords: Gamma-ray imaging, Semiconductor Compton camera, Silicon double-sided strip detector, CdTe
double-sided strip detector, Hotspot monitoring
1. Introduction
ASTRO-H is the 6th Japanese X-ray satellite planned for launch in 2014 [1, 2]. For this mission, we are devel-
oping two novel instruments, a hard X-ray imager (HXI) and a soft gamma-ray detector (SGD), based on advanced
technologies for Si and CdTe imaging devices accumulated over the past decade [3, 4, 5, 6, 7]. In the HXI, Si and
CdTe double-sided strip detectors (Si-DSD, CdTe-DSD) are located at the focal plane of a hard X-ray mirror, and the
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HXI works as an imaging spectrometer in the 5–100 keV energy band. Above 100 keV, the SGD, which consists of
many layers of Si and CdTe pixel detectors, conducts extremely low background observation by applying a Comp-
ton imaging technique to background reduction. In addition to these astrophysical uses, we have recently researched
potential applications of our semiconductor detector technologies to other gamma-ray imaging ﬁelds such as medical
imaging and hotspot monitoring, while applications to medical imaging are reported in our other works [8, 9]. In this
paper, we focus on feasibility studies for use in hotspot monitoring with an original semiconductor Compton camera.
A gamma-ray imaging system is capable of directly locating radiation sources, which enables monitoring of
hotspots in otherwise inaccessible radiation sites and with considerable radiation exposure, and is namely more eﬀec-
tive than manual surveys. However, eﬀorts have not necessarily been made to target R&D of such imaging systems,
since the latter have rarely been needed. The nuclear disaster that occurred in Fukushima drastically changed things.
Currently, a high-performance imaging system is urgently required to minimize the radiation dose received by the
workers around the Fukushima nuclear power plant. It would also be expected to support the decontamination process
from radioactive radioisotopes littered around the evacuation zone.
To date, a commercial gamma-ray camera with a coded-aperture mask and a scintillation detector [10] has been
imported into the Fukushima nuclear power plant and some useful information concerning hotspots’ on-site location
has been provided. However, room for improvement remains. First, the system is unable to distinguish between
gamma-rays of diﬀerent energies and thus cannot be used to identify speciﬁc radioactive isotopes. Information on
the individual distribution of radioisotopes would facilitate a precise understanding of the contamination conditions.
Second, the sensitivity is not entirely suﬃcient for use in monitoring for decontamination at relatively low levels of
radiation, namely around 0.5–1 μSv/h. Here we propose advanced hotspot monitoring based on a Si/CdTe semi-
conductor Compton camera. As demonstrated in the previous paper [6, 7], the camera features an eﬀective angular
resolution of around a few degrees and good energy resolution, enabling emission lines to be precisely distinguished
from diﬀerent radioisotopes. To obtain the required sensitivity for a speciﬁc case, we developed new stacking detector
modules, consisting of a 3.2 cm wide Si- or CdTe-DSD and ADC-implemented analog ASICs [11]. These modules
are stackable with a pitch of 4 mm for enhanced sensitivity. To investigate the performance, imaging tests using a
prototype camera, consisting of a single layer of Si-DSD and four layers of CdTe-DSDs, were conducted.
2. The prototype camera
Figure 1 shows a photograph of the prototype camera, which features ﬁve detector modules stacked with a pitch
of 4 mm. The top detector module consists of a 0.5 mm thick Si-DSD and a total of eight VATA analog ASICs. The
Si-DSD used here is developed in collaboration with Hamamatsu Photonics, Japan, with a strip pitch of 250 μm on
the P- and N-sides, respectively. Four ASICs are mounted on each side and directly connected to the bonding pads on
both sides. The reverse voltage required to fully deplete the device is supplied by the ﬂoating bias method. Overall,
the N-side circuit is biased by 250 V against the P-side. The DC-coupling is held on the isolated digital coupler on the
detector board after the signal digitalization in the VATAASICs. The 0.75 mm thick CdTe-DSDs are stacked under the
Si-DSDmodule. The CdTe-DSD is developed in collaboration with ACRORAD, Japan, as an extension of Al/CdTe/Pt
electrode technology. The strip pitch is 250 μm on each of the Al- and Pt-sides. The ﬂoating bias is adopted as in the
Si-DSD. Although higher spectrum performance is achieved by increasing charge collection eﬃciency through higher
bias voltage supply, we limited the bias to 250 V to ensure stable operation during these experiments. Details of the
CdTe-DSD are reported in Watanabe et al. [11] and Ishikawa et al. [12]. The dimensions and typical performance of
each Si-DSD and CdTe-DSD are summarized in Table 1. The detectors were operated at around -10 ◦C by circulating
cooled liquid ethylene glycol through aluminum base plate. The trigger thresholds are set to around 20 and 50 keV
for the Si-DSD and the CdTe-DSDs, respectively. The coincidence trigger measurement between the Si-DSD and the
CdTe-DSDs is performed for eﬀective data acquisition.
3. Imaging method
In the Si/CdTe Compton camera, events involving the incident gamma-ray being scattered in the Si detector and
fully absorbed in the CdTe detectors are used for Compton imaging. The eﬀect of the doppler broadening, which
degrades the angular resolution of the imaging system, is smaller in the Si devices than other semiconductor devices
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Detector Active area [mm] Thickness [mm] Strip pitch [mm] Bias [V] Energy Resolution
Si-DSD 32.0 × 32.0 0.5 0.25 250 2.3 keV (FWHM) at 59.5 keV
CdTe-DSD 32.0 × 32.0 0.75 0.25 250 3.8 keV (FWHM) at 81 keV
ΔE/E = 2.6 % (FWHM) at 511 keV
Table 1: Dimensions, operating bias voltages and energy resolutions for Si and CdTe-DSD detectors.
Figure 1: Photo of the prototype Compton camera.
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Figure 2: Diagram of the back-projection.
[13], allowing the diﬀerence between the measured and actual scattering angles to be constrained. The direction of
the gamma-ray is calculated by solving the Compton kinematics with information concerning deposit energies and
interaction positions recorded in the detectors. Details of the data selection are described in other works [7, 9].
The direction of the incident gamma-ray is back-projected as a cone by using the measured scattering angle θ and
scattering direction s. The coordinate for the back-projection is selected by taking account of the distance between
the camera and targets. Cases for the near-ﬁeld, such as medical imaging, are reported in some papers [14, 15].
In astrophysical observations, where the source is located in extremely far-ﬁeld, a 2-dimensional celestial sphere is
generally used as the back-projection coordinate. If the angle of the Compton camera as viewed from the targets is
much smaller than the angular resolution of the imaging system, the celestial sphere is regarded as an appropriate
coordinate, even for other applications. For hotspot monitoring, the sources typically exist within the range of a few
meters to several tens of meters. When the source is located at 5 m, the camera angle as viewed from the source
becomes 0.37 degrees in our system, which is small enough when compared with the typical angular resolution of a
few degrees, hence the celestial sphere is used for the back-projection. The probability distribution of the estimated
position by a single event becomes a circle, as in Fig. 2. The location of the sources is determined by accumulating
many cones.
To precisely locate the hotspots, the gamma-ray image and an optical picture should be precisely combined.
Because a usual optical image is recorded as a plane coordinate, the transformation of the celestial sphere into the
latter is required, according to the characteristic of an optical lens. In these studies, we use a 4.5 mm F2.8 EX DC
CIRCULAR FISHEYE HSM produced by SIGMA [16], which produces a circular image with a 180 degrees ﬁeld of
view and is hence considered perfect to optimally exploit the large ﬁeld of view provided by the Compton camera.
Due to the quantiﬁable angle/area relationship, this lens can be used for scientiﬁc applications such as solid angle
measurements of cloud distribution over the sky, or the distribution of vegetation within the rainforest canopy. For
this lens, the (x, y, z) position on the celestial sphere, where x2+y2+z2 is normalized as 1 for simplicity, is transformed
into (x′, y′) as follows (see Fig.2):
x′ =
r′
r
x, y′ =
r′
r
y (1)
where,
r =
√
x2 + y2, r′ =
√
1 −
√
1 − r2. (2)
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This transformation correctly matches the gamma-ray image with the optical picture. In the following experiments,
we take the optical picture by locating the lens at the setting position of the Compton camera before operating the
Compton camera.
4. Basic performance
4.1. Eﬃciency & Angular resolution
The detection eﬃciency and the angular resolution are the key system responses that dominantly aﬀect imaging
performance. We studied the responses for 356, 511, 622 keV gamma-rays by using 133Ba (356 keV), 22Na (511 keV)
and 137Cs (662 keV) point sources. The source was located at a distance of 315 mm from the Compton camera with
an inclination angle of 0 degrees (on-axis).
Figure 3: Detection eﬃciency and angular resolution of the prototype camera.
The left panel of Fig. 3 shows the obtained detection eﬃciency, which is deﬁned as:
c
i [Bq] × α × t [sec] × (s/4π) (3)
where, i is the source intensity, α the fraction of gamma-ray per unit decay, t the observation livetime, s the solid angle
of the camera looking from the source and c the number of events detected within the energy window. Since this is also
deﬁned as the ratio of counts to the number of input gamma-rays into the camera, the value remains almost constant
for the source placed at a farther position. The energy window was set to 330–370, 490–520 and 640–680 keV for
356, 511 and 662 keV, respectively (cf. Fig. 9). The eﬃciency decreases with respect to energy, and is 1.68 ×10−4 at
662 keV. The angular resolution is shown in the right panel and is deﬁned as the FWHM of angular resolution measure
(ARM) distribution [7]. The values are 4.4 and 3.8 degrees at 356 and 662 keV, respectively.
4.2. Counts vs. Image quality
Because the position of the source is given by accumulating the Compton cones, adequate counts are needed to
locate the hotspots. In this section, we show the image quality with respect to the counts by using a 137Cs point source
located 730 mm from the Compton camera with an inclination angle of 0 degrees. This is a simpliﬁed condition, but
still helpful to estimate the exposure time and quantify the detection limit at the radiation ﬁelds.
Figure 4 shows the resulting images. The point source is visible on the image with around 50 counts. This
result allows the exposure time to be roughly estimated when a few hotspots exist at the radiation ﬁeld. If the 137Cs
source with an intensity of 100 MBq is located 10 m from the camera, the number of input gamma-rays is about
70 counts/sec. Because the detection eﬃciency is 1.68 ×10−4, the count rate by the camera is 1.2 ×10−2 count/sec,
meaning the exposure time required to obtain 50 counts is estimated to be around 4200 sec. In other words, if we
cannot detect any sources with an exposure time of a few hours, there is considered to be little likelihood of any
existing strong sources above 100 MBq around an on-axis direction.
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Figure 4: Image of the 137Cs point source with respect to the counts.
4.3. Field of view
The detector response described in sections 4.1 and 4.2 was limited to on-axis sources with an inclination angle of
0 degrees. Understanding of a ﬁeld of view (FOV) is required to estimate the exposure time and quantify the detection
limit when the source exists apart from the on-axis direction. Figure 5 shows the experimental setup for the FOV
measurement, in which 2.9 MBq of the 137Cs point source is located with inclination angles (φ) of 0, 20, 40, 60 and
80 degrees, respectively. The distance to the camera was 730 mm for all directions.
Compton camera
730 m
m
inclination angle
Figure 5: Experimental setup for the FOV measurement.
Figure 6: Field of view for the 662 keV gamma ray.
The count rate with respect to the inclination angles is shown in Fig. 6 and that at 0 degrees is normalized to unity.
Events within the 640–680 keV energy window were selected. The decrease of the count rate is only 15 %, even for
an inclination angle of 80 degrees, despite the cosφ dependance of the number of input gamma-rays into the Si-DSD.
This is because the cos φ dependance is roughly canceled out by (cos φ)−1 dependance of eﬀective thickness of the Si-
DSD looking from the input gamma rays. Images for all directions at 200 counts are shown in Fig. 7 and the exposure
time to obtain 200 counts was 74, 74, 76, 79 and 86 minutes for φ = 0, 20, 40, 60 and 80 degrees, respectively. Note
that the image for 0 degrees is already shown in Fig. 4. A very large FOV is realized by the Compton camera, hence
the discussion described in section 4.2 for the on-axis source is adaptable to 2π directions.
4.4. Radiation ﬁeld vs. Count rate
To simulate the operation at a relatively high radiation ﬁeld, we created an isotropic radiation ﬁeld by a 137Cs
point source and measured the count rate as a function of the ﬁeld intensity. The ﬁeld intensity at the camera was
changed by changing the distance between the camera and the source. The intensity of the radiation ﬁeld produced in
our experimental setup peaked at around 100 μSv/h at the camera, which was measured by the ﬁeldSPEC produced
by Target Systemelectronic GmbH [17].
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Figure 7: Images of the 137Cs point source at 200 counts with respect to the inclination angles.
Figure 8 shows the count rate within the 640–680 keV energy window. The open circle plots the ratio of the counts
to the exposure time and the cross plots that to the livetime. The dotted line shows the best ﬁt function of the crosses
with a power law function. The ﬁtting value of the slope, including error, was 1.14 ± 0.23. The count rate derived
from the system livetime shows good linearity to the radiation ﬁeld within the range of 1–100 μSv/h. Although the
deadtime of the system is conspicuous above several tens μSv/h, the system is suﬃciently feasible for many practical
uses, since the deadtime remains at 50 % around 100 μSv/h. We also conﬁrmed that the point source was successfully
imaged at 100 μSv/h.
Figure 8: Count rate with respect to the radiation ﬁeld.
5. Imaging test
Having established the prototype system, we conducted an imaging test at a court of ISAS/JAXA. An example of
imaging tests is reported to demonstrate its capability to distinguish gamma-rays from diﬀerent radioisotopes. In this
test, three radioisotopes of 133Ba (2.3 MBq, 356 keV), 22Na (0.55 MBq, 511 keV) and 137Cs (2.9 MBq, 662 keV) were
simultaneously located on the ground and the camera was set at 90 cm from the ground. The source positions are
marked by golf balls in the left panel of Fig. 10 and the distance between the camera and each source is summarized
in Table 2. The radiation ﬁeld produced by each source was monitored by a survey meter and also presented in the
same table.
Figure 9 shows the obtained spectrum with an exposure time of 12 hours. The 356, 511 and 662 keV gamma-ray
lines from 133Ba, 22Na and 137Cs are clearly distinguished. The ﬁne energy resolution provided by the semiconductor
detectors is able to image each radioisotope by analyzing the events within each energy window. The energy window
was set to 330–370, 490–520 and 640–680 keV for 356, 511 and 662 keV, respectively. The right panel of Fig. 10
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Source Intensity [MBq] Distance [cm] Measured ﬁeld [μSv/h] Measured ﬁeld [μSv/h]
at 10 cm from the ground at camera a
133-Ba 2.3 270 18 0.17
22-Na 0.55 250 7 0.13
137-Cs 2.9 260 17 0.21
a Measured background ﬁeld was 0.10 μSv/h.
Table 2: Intensity, distance and measured ﬁeld for each source.
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Figure 9: Energy spectrum obtained by the imaging test with the energy windows for each gamma-ray line.
shows the gamma-ray image using integrated data for 12 hours combined with the optical picture. The distributions
of 133Ba, 22Na and 137Cs are mapped by green, blue and red colors respectively. The 137Cs source was visible with an
exposure time of around 100 minutes. The positions of the sources detected on the gamma-ray image correlate well
to the real positions marked in the optical picture.
Figure 10: (Left) Optical picture taken by a digital camera with a circular ﬁsheye lens. The 133Ba, 22Na and 137Cs point sources are located on the
ground. (Right) Gamma-ray image combined with the optical picture.
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6. Conclusion
The prototype Si/CdTe Compton camera was developed to study its imaging performance for hotspot monitoring.
The single layer of Si-DSD and four layers of CdTe-DSDs were stacked with a stack pitch of 4 mm. Basic system
responses, such as detection eﬃciency, angular resolution and ﬁeld of view (FOV) were investigated. The detection
eﬃciency and the angular resolution are summarized in section 4.1. For the 662 keV gamma-ray, detection eﬃciency
of 1.68 ×10−4 and angular resolution of 3.8 degrees were achieved. Higher detection eﬃciency required in speciﬁc
cases can be achieved by stacking more detector modules. A large FOV corresponding to 2π was measured.
As demonstrated in section 5, the camera is capable of identifying various radioisotopes thanks to good energy
resolution by the semiconductor detectors, which is hardly provided by existing hotspot monitoring systems. Data
to precisely grasp the contamination conditions are expected to be provided. We also conﬁrmed that our system
successfully works at least around 100 μSv/h, ensuring it would be suﬃciently feasible for a wide range of practical
uses.
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